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ELECTROCHEMICAL METHODS
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Laboratoire "Physique des Liquides et 
Electrochimie", associe S l'Universit§ 
Pierre et Marie Curie, 4, Place Jussieu 
75230 Paris Cedex 05
ABSTRACT
Mass transfer to the surface of rotating electrodes 
during turbulent flow was studied by electrochemical 
methods under steady and non-steady state diffusion 
conditions.
The flow was due to a large rotating disk made 
from insulating material, flush with the surface of 
which was mounted a ring shaped electrode of platinum 
or nickel.
A local study of the radial component of the 
convective diffusion in turbulent flow was carried out 
with very thin ring electrodes (width AR ^ 0,05 mm).
The diffusion layer thickness was varied relatively to 
the diffusion sublayer thickness by changing the ring 
width or the rotation speed so as to determine the 
eddy diffusivity in the viscous sublayer.
The local viscous friction was measured at the wall 
by a steady state method. As an application, the drag 
reduction phenomenon was studied in the presence of 
high polymer additives. Using a non-steady state method 
which yields the electrochemical impedance, we examined 
the possibility of adsorption of polymers at the wall- 
fluid interface.
INTRODUCTION
Experimental methods in Fluid Mechanics, leading to 
information about local properties, are of a primary 
importance, especially for tridimensional flows.
Indeed, the velocity components of the fluid measured 
in a direct way, are often space averaged due either to 
the finite volume studied, or to probe dimensions. Even 
if this latter is made as small as possible, distur­
bances in the flow can be expected.
In the case of boundary layer turbulence, the vicin­
ity of the wall, where viscous friction reaches its 
maximum value, cannot be studied by these methods, 
partly for the reasons mentioned above.
On the contrary, that can be achieved, using an 
electrochemical method based on the measurement of the 
flux of mass transferred at the wall-fluid interface.
It is well-known, since Levich |1|, that mass transfer 
takes place within the viscous sublayer in a liquid for 
which Sc = v/D »  1.
Several authors have pointed out since |2,3,4| that 
the diffusion layer volume can be decreased in the 
direction normal to the wall as well as along the flow 
direction, by measuring the mass flux on microelec­
trodes .
Our study was performed by means of very thin ring 
electrodes inserted in a rotating disk. Thanks to this 
device, we obtain new information on the flow in the 
diffusion sublayer.
More precisely, firstly, we can give an expression 
for eddy diffusivity near the wall. Secondly, the 
influence on mass transfer in turbulent flow, due to 
drag reducing high polymers, will be examined.
THEORETICAL
Turbulent Diffusion Completely or Incompletely 
Developed
Let us consider a liquid having constant physical 
properties, in turbulent flow near a smooth wall. Let 
us assume, besides, that the wall behaves , as a whole, 
as an ideal mass-consuming surface for a diffusion 
tracer (c = 0 at the wall). This can be achieved when
an ionic species is consumed on an electrode at the wall, 
in an electrochemical reaction of very high rate.
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Figure 1 : Concentration and velocity profiles near a 
wall in turbulent flow (k and n are hydrodynamic 
constants).
The velocity and concentration profiles can be 
classically described as in fig 1. Since no particular 
assumption is made for the flow geometry, this des­
cription applies to the rotating disk, for which 
Goldstein |5| demonstrated that the logarithmic velo­
city-distribution law in the turbulent boundary layer 
gives a better fit with experiments than the j  th 
power velocity-distribution law.
Later on, the diffusion layer widths will be consid­
ered in the frame of Nernst hypothesis. That means 
that convection is neglected in the diffusion layer, 
i.e. the actual concentration profile must be replaced 
by its linear tangent equivalent at the wall : The 
"equivalent" thickness 6 ,^ of the Nernst layer is then 
defined by: where J is the overall flux
(mole.sec*)D the molecular diffusion coefficient 
(cm - sec ) and C the bulk concentration of the 
diffusing species.
For a liquid at room temoerature, the Schmidt
3
number Sc=v/D, has an order of magnitude of 10 -
2 -1where v is the kinematic viscosity (cm - sec ) - and 
the diffusion layer thickness is lower than that of the 
viscous sublayer.
Let us assume, now, that a ring with the same axis 
as the disk, acts as the only mass sink surface. One
may then define, for every point on the surface, a
2
local Reynolds number Re, where Re=Qr /v. 0 is the 
angular speed of rotation of the disk (rad.sec"*) and 
r the radial coordinate from the rotation center in a 
cylindrical system. Therefore, the flow at every point 
depends on the radial coordinate in such a way that 
near the center, there exists always a laminar regime, 
even when the outer flow is turbulent.
The ring is supposed to be placed in turbulent 
flow (see fig 2a). Since the radial velocity component 
Vr is directed towards increasing r values, the inner 
and outer sides of the ring play the parts of leading & 
leaving edges, respectively, for flow. Moreover, the 
existence of a discontinuity in the concentration at 
the leading edge, leads to a relaxation process over the 
active surface of the ring.
Two cases may be then characterized according to 
the relative values of the diffusion layer thickness 
developing from the leading edge (r=R0, y=0 the axial 
coordinate) and the diffusion sublayer thickness. The 
thickness 62 of the latter is usually defined by the 
condition D=e for y=52» where e is the eddy diffusion 
coefficent.
Zone I : (fig 2b). When the diffusion layer thick­
ness 6^(r) is lower than 62 » the mass f1ux is governed 
to a great extent by molecular diffusion and mean 
convection. The turbulent diffusion regime is called 
"incompletely developed".
Zone II : (fig 2b). For increasing r values, 6^ (r) 
tends gradually to the value calculated by Levich |1| 
for a completely active disk. This turbulent diffusion 
regime is called "completely developed”. The dimension­
less flux or Sherwood number Sh is given by the fol­
lowing relation :
Sh 0,441T “ Sc* Re ku1/2 ( 1 )
Sh is defined as Sh = J(Rq+AR)/CooDS
R +AR is the radius of the disk electrode, S the ac- 0
tive surface, k^ is the moment coefficient for a disk.
Fig 2a














Figure 2 : (a) Turbulent flow over a rotating disk
(b) Schematic representation of the diffu­
sion layer (dashed line) and of the diffusion sublayer 
(full line) over a ring electrode.
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Coefficients ic and X depend on the damping law for 
eddy diffusivity. ic equals 1/4 or 1/3 according to the 
two hypotheses most usually chosen for the eddy diffu­
sivity e/v expression :
(1) k - 1/3 |6,7j is obtained by assuming a damping 
of eddies proportional to y. One may write : e/v=kjy+3 
is a constant and y+ * where vQ is the friction 
velocity. (2) k = 1/4 |8,9,10 | corresponds to a damp­
ing of eddies proportional to y2 then : e/v=k2y+4.
A classical method of evaluating e/v consists in 
studying the influence of the Schmidt number on flux 
for a completely developed turbulent diffusion regime. 
We proceeded in a different way, by analyzing the 
conditions of transition between the incompletely and 
completely developed turbulent diffusion regimes. There 
fore, it was necessary first to calculate the averaged 
diffusion flux for an incompletely developed turbulent 
diffusion regime.
Averaged Diffusion Flux For Incompletely Developed 
Turbulent Diffusion
The mass transfer equation can be reduced to the 
following : 3c/3r+Vy 3cf/3y=D 32c/3y2 (2)
(The quantities with over bars are time averaged) 
with the set of boundary conditions :
|C = ° _  r>R y=0
|j * D(3c/3y)y=0
V  c°°
3c/3y = 0 r<RQ y=0 (2 bis)
y~»
The solution of (2) gives the flux of diffusion. 
For a logarithmic velocity distribution law —  vQ is 
then given by an implicit relation —  we obtained jl 1 | 
the following expression :
3 l / 3 f l+ v 2 l 1 /6  v 1/3 S c 1/3 1 /3  2 /3  V *Sh - 3 . .|c ("#) Re (3)
2.T(4/3) . 1,628 6,6 AK M
where y * cotg 0, 0 being the angle formed by radial
direction with the tangent to the flow direction. r(4/3)
is the gamma function of 4/3 order. (3) can be written





Note that (4) is identical to the expression estab­
lished by Hanratty |2| for the diffusion flux to the 
surface of a thin electrode placed crosswise in a shea- 
flow with no velocity component normal to the surface. 
In other words, the component normal to the surface
plays no part in the case of the rotating ring.
Coming back again to (3), one may write the flux 
more precisely by making k^ explicit. We chose the 
expression of k^ given by Dorfmann |12| and found :
Sh = 0,1584 Sc1/3 (|ft)1/3
Re0,606 (5)
Relation Between Flux And Hydrodynamic Friction 
The diffusion flux measured at the ring surface 
provides the radial velocity gradient according to (4). 
For a Newtonian liquid the flux can then be connected 
with the shear stress xr by : xr y = y 3Vr/3y 
y is the dynamic viscosity of the fluid.
Thus, the radial component Fr of viscous friction over 
the ring defined by : /R + AR
F x 2-nrdr 
r,y
■/Ro
is related to the dimensionless flux Sh by
Sh 31'3 Sc1/3
2r(4/3)(2ir yv)1/3 (l+y2)1/6
R 2/3 1/3 
O  Fr
This last equation, showing the proportionality between 
flux and the cube root of friction, is thus valid for a 
sheer flow with or without a velocity component normal 
to the wall. Moreover, this relation does not depend on 




The diffusion flux is measured by introducing in 
the solution a dilute ionic species. This species can 
be reduced or oxidized on the metallic wall in an elec­
trochemical polarographlc discharge. The rate of this 
process, i.e. the current flowing through the interface, 
Increases with the electrode potential until the dif­
fusing species concentration is zero at the wall. The 
current then reaches a limiting value 1d determined by 
mass transport under convective diffusion. This conclu­
sion applies only when electric migration has been 
made negligible by a large excess of supporting elec­
trolyte. Many results were obtained using a very fast 
reaction,namely the reduction of potassium ferricyanide 
|10“^N|to ferrocyanide |10~3N| at a nickel or platinum 
cathode according as the supporting electrolyte is |2N| 
NaOH or |N| KC1 respectively.
Unsteady State Conditions
For intermediate kinetics conditions, the current i 
is lower than the limiting value i^ and depends both on 
electrode potential V and on wall concentration cQ of 
the diffusing species according to the well-known
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relation : i = z F k cQP ebV (7)
z is the number of electrons transferred during the 
elementary process, F the Faraday (96500 C), k and p 
the rate constant and the order of the reaction.
If a small sine wave signal of voltage AV is super­
imposed on V, it is possible to analyse the linearized 
current response zft as a function of frequency f = w/2tt 
The frequency behavior of the impedance can be analyzed 
by differentiating and linearizing (7), and leads to the 
faradaic impedance Zf : j p Ac
f &i zFkbc pebV be Sio o
( 8 )
Two terms in series are implied in (8)
(1) the term proportional to ~  represents the dif-
Al
fusion impedance which accounts for the concentration 
relaxation in the diffusion layer and varies with fre­
quency.
(2) the other term in (8), has the form of a resis­
tance Ry, known as charge transfer resistance. It rep­
resents the electron transfer process at the interface. 
Therefore, it depends, other things being equal, on the 
effective reaction area, and may vary with this area 
due to a coverage by adsorption of a part of the sur­
face.
zft<bc?expbV
Figure 3 : (a) Network equivalent to the interface
behavior with frequency.
(b) Simulated diagram for the network (a) 
where ZQ is given by expression (9).
In order to describe thoroughly the experimental 
impedance, one must introduce a so-called double layer 
capacity CQ in parallel to Zp, as in fig 3a. This capac­
ity which gives a good description of the experimen­
tal behavior, is assigned to a space charge, the elec­
trochemical double layer, at the interface itself. 
Finally, the electrolyte resistance R£ must be taken 
into account, in series with all the above terms.
The Nernst hypothesis leads, for a rotating disk, 
to the following expression for diffusion impedance :
ZD *
tan h y juxS^/D
(9)
2
Rq is the diffusion resistance, j = -1.
We verified in a previous work |14| that expression 
(9) agrees, to a first approximation, with the experi­
mental impedance, whose shape is similar to that shown 
in fig 3b by the curve in dashed line in the low fre­
quency range.
EXPERIMENTAL
The plotting of the current-potential curves, from 
which we deduced the values of the limiting diffusion 
current, was performed with a potentiostat (fig 4) |15|. 
This device controls the potential of the working elec­
trode (W.E.), i.e. the rotating ring electrode, rela­
tive to a KC1 saturated calomel reference electrode 
(S.C.E.). The current flows through a platinum counter 
electrode (C.E.) of large surface.
The potentiostat has been devised, so as to allow, 
in addition, impedance measurements, which were per­
formed by using a Digital Transfer Function Analyser
(S.E.2001). The frequency ranged from approximately 
10'2 Hz to 103 Hz.
The mechanical set-up allows a range for rotation 
speeds between 20 and 6000 r.p.m. The temperature of the 
solution was maintained constant to within 0,1°C by 
water circulation in the double wall of the 50 1. cylin­
drical tank.
The solutions were deaerated by bubbling argon so 
that the diffusion current due to dissolved Og be 
markedly reduced.
The construction of thin ring electrodes has been 
described extensively in j13|. He would like to recall 
here that they are obtained from the cross-section of a 
thin metallic strip (Ni or Pt), mounted flush with the 
plane of an insulated disk (epoxy), and then carefully 
polished. The remaining protrusions, as measured using 
a scanning microscope, are much lower than one micron,
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which is the order of magnitude of the average diffu­
sion layer thickness in our experiments.
The polymers studied are mainly polyelectrolytes :
- Polystyrenesulfonate ("PSS VERSA TL 700" : Nation. 
Starch, and Chem. Corp.)
- Carboxymethylcellulose ("C.M.C. RC 197 Blanose" : 
NOVACEL)
- Polyacrylamide ("SEPARAN AP 30 and NP 10" : Dow 
Chemical).
Viscosity measurements of these polymer solutions, 
have been carried out by means of a Couette flow visco­
simeter (CONTRAVES) having 15 velocity gradients 
(28 sec'1 < |y < 1750 sec-1)
RESULTS AND DISCUSSION
Eddy Diffusivity
One possible way of measuring e would be to Integrate 
the mass transport equation including eddy diffusion, 
and to compare the results with experimental data. This 
procedure has been developed by Kader and Dillman |ig| 
for a pipe flow. Their calculations cannot be directly 
transposed to the disk case because of the velocity 
component normal to the wall.
We chose a more straight forward method. One must 
assume, as a first hypothesis, that the discontinuities
in the concentration and in its derivative at the 
leaving edge, do not change the local value of the 
flux. One may note that this assumption was involved in 
the set of boundary conditions (2 bis).
Consider again the situation shown in fig 2b. The 
boundary between zones I and II can be moved by varia­
tions of AR or ft. Indeed, both these parameters, define, 
for a given Sc, the thickness of the diffusion layer,
5^, and that of the diffusion sublayer, 62*
For a Constant O value. 6^ is constant ; for 
decreasing AR values, 6N decreases at every point of 
the surface in such a way that for a sufficiently thin 
ring, the whole diffusion layer is located within the 
diffusion sublayer : the flux of mass is then given by
(3).
For a Small and Constant AR Value. When the lami­
nar-turbulent transition occurs for ft=ftc, the turbulent 
diffusion regime is incompletely developed. For increas­
ing O values, the average thickness 6^ must vary as
ft-0’606 acCording to (7), whereas varies as 1/v ,
-O 909 c 0i.e. as 0 * since, for given D and v values, the
expression does not depend on ft. Therefore,
beyond a certain rotation speed ft^ , the turbulent dif­
fusion regime gradually becomes completely developed.
Consequently, one must generally observe three 
regions, as represented on fig. 5, each of them being 
defined by the relevant behavior of the diffusion flux 
as a function of ft.
(1) ftc<ft<ft^  = Sh is then proportionnal to Re0’®06 
as indicated in (6), an experimental confirmation of 
which was afforded in 1121.
(2) ftj<ft<ft2 = The diffusion layer is thicker than 
diffusion sublayer, the turbulent diffusion coefficient 
e not playing the leading part, since the areas of the 
ring where either regime (completely or incompletely 
developed) prevails are comparable.
(3) ft>ft« = The turbulent diffusion regime is com-
___q go9
pletely developed and one must find Sh « Re ’ . This
last behavior was checked for a broad ring |13 | when AR
has the same order of magnitude as RQ.
In our experiments, these regions were not observed 
with the same ring, since the motor power did not allow 
us to cover a large enough speed range in turbulent 
flow.
Thus, we will suppose that the boundary actually 
detected between regions (1) and (2) corresponds to the 
speed ftj defined above, and we will assume that the 
condition D = e is fulfilled for the points on the ring 
surface where the thickness of the diffusion layer 
reaches its maximum value, i.e. the leaving edge.
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As a simplification, we chose for local flux the 





1/3 1/3 O3,3i/-3 0,00915 Sc1'-3 (-) r
l _ (R0)3,3 1,3 ( 1 0 )
At the leaving edge, following the Nernst hypothesis, 
one can write :
f(RQ+AR) = DCoo/6n (Ro+AR)
Then, developing (10) to first order :
W fiR> ■ ( ^ V ^ ) 173
Let us define <5 =6^(r)vQ/v where v can be taken as
1121 :
vQ = 0,1495 v Re0,909 / (Rq + AR)
For the following expression is valid :
e/v = K 6+n 
e = D
The constants K and n were determined for several 
rings and two Sc values. A given value of Sc, defines 
one 6 value. Therefore, two data only are reported in 
table I, corresponding to the two media studied.
Figure 5 : Idealized behavior expected for the flux of 
diffusion on a thin ring electrode in a large range of 
Re values (laminar and turbulent flows) and plotted as 
log Sh (log Re).
The values of S+ can lead to an estimation of the 
constants K and n. We find then the relation : 
e/v = 6 . 10-4 y+3 (H)
In order to make precise the expression for the 
eddy diffusivity, it would be necessary to carry out 
further experiments in a large range of Sc values. 
Besides, the assumption that the influence of e is ef­
fective only for y > represents an approximation 
whose validity is difficult to evaluate, but has no


























0,1 0,768 1240 3600 8,02 1,39 1,08)
)
TABLE I
According to these data, the main result is that 
eddies are damped in the viscous sublayer proportional­
ly to their distance to the wall. This conclusion has 
been drawn from the data obtained by authors consider­
ing a completely developed regime for several Sc 
values using rotating broad rings |17,18 | or for a pipe 
flow |7|. This result has been also found by a direct 
measurement of the damping of eddies by means of micro­
electrodes in a pipe flow |19 |.
Local Hass Transfer in a Turbulent Flow with Drag 
Reduction
Steady State Measurements. We took advantage of 
the possibilities of the thin ring electrode described 
above, to study the perturbation of a turbulent flow 
caused by small amounts of high polymers. Indeed, the 
principle of deriving the local drag reduction from 
measurements of the diffusion flux on a thin ring elec­
trode has been justified for a quasi-Newtonian medium 
|20 |. This terminology emphasizes that for polymer 
solutions of such low concentrations, the rheological 
behavior of the solutions remains identical to that of 
the solvent. Measurements of the diffusion flux in 
laminar flow also yielded an unchanged value for the 
molecular diffusion coefficient under the same condi­
tions.
The method constitutes, in fact, an indirect mea­
surement of the viscous friction : for a quasi-Newto­
nian medium and under an incompletely developed turbu­
lent diffusion regime, one can deduce the reduction of
F from the relation (6) between the flux of diffusion r
and the friction. One finds then :




i is the limiting diffusion current without polymer 
and iCp p m the limiting current at the same Re for 
a concentration c in w.p.p.m. of the polymer.
The concentrations correspond to an homogeneous 
solution obtained after introducing the relevant quan­
tity of a 5000 w.p.p.m. polymer solution in |N| KC1
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during the rotation of the disk.
Observation as a function of time shows an instan­
taneous decrease of the diffusion current when the 
polymer is introduced, then a slow climb to a station­
ary value characteristic of the homogeneous solution.
So as to generalise the conclusions drawn from the 
data obtained for the polyoxyethylene W.S.R. 301 jzo i > 
we studied the influence of the four polymers men­
tioned in the experimental section. No chemical degra­
dation was observed in the |N| KC1 medium.
In laminar flow, in addition to the absence of
drag reduction, no effect on mass transport is visible.
5
Turbulent flow begins for Re ^ 2.6 10 . There 
exists, however, between this value and the end of lam­
inar flow a subcritical regime much less well defined 
in the case of the rotating disk than for low transi­
tion flows such as Couette flow. This subcritical re­
gime corresponds to a transition regime for mass 
transfer. In our experiments |fig 6-7-8| a decrease in 
the diffusion flux is also observed in this regime, 
leading to a reduction in the viscous friction. There­
fore, the relation (6) is still valid though the dis­
tribution of velocities is not explicit.
Beyond Rec, three polymers (PAM NP 10, PSS TL 700, 
PAM AP 30) behave as "polyox WSR 301" |20| : Thus, the 
Re exponent, in the flux expression, decreases, when 
the polymer concentration is increased, from the value 
0.606 in the absence of polymer to a limiting value 
close to 0,5 beyond a concentration which depends on 
the polymer nature.
On the contrary, in the case of C.M.C., the flux of 
diffusion is decreased only for high concentrations 
(> 1000 p.p.m.) in turbulent flow as well as in laminar 
flow and is always proportional to Re or Re^'^ 
respectively. This is due, in fact, to an increasing 
viscosity and not to drag reduction or to a non-Newton­
ian behavior.
In order to analyse quantitatively the data as a 
function of concentration we considered fully turbulent 
flow conditions for fi = 4000 r.p.m. (Re = 7.105). We 
could then compare the effect of the different polymers 





This treatment requires that Rp and Rp max. be
proportional respectively to the drSg reduction at the 
concentration c, DR %> and to the maximum drag reduc­
tion at the same Re, DR[nax *.|c|is the intrinsic
concentration obtained for DR /2.max
Figures 6-7-8 : Plots of log Sh versus log Re for a
thin ring electrode (R = 40 mm, AR = 0.05 mm) in lam-
0 5inar and turbulent flows (Rec = 2.6 10 )
Fig 9 gives c /DR % as a function of cJ p.p.m. max p.p.m.
for the different effective polymers. Each polymer gives
a straight line as expected from (13). The values of
DR , % and I cl graphically measured are sunwnarized in max i i a k j
table II.
(1) The same value for D R ^  , within experimental
error, is found for all the polymers. As mentioned
above, the DR , conditions parallel a variation of max
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0 5flux according to Re : the velocity components in
the viscous sublayer must then depend on n as in lami- 
0 75nar flow (where vQ = fi * ).
Figure 9 : Plots of c / DR% versus c accord-— *-----  p.p.m. p.p.m.
ing to the Virk representation (expression (13)) for
5
Re = 7.10 . The values are calculated from the data 
given in table II.
(2) A polymer is all the more effective according 
as |c| is lower. An increasing effect is observed, in 
the |N| KC1 medium, for respectively PSS-+-PAM NP 10*
PAM AP 30.
It is well-known besides, that the higher the 
molecular weight is, the more effective is the polymer. 
This parameter, is of interest to compare polymers pre­
pared from the same monomeric unit. For chemically dif­
ferent polymers, a parameter related to the chain length 
or to the r.m.s. distance between chain ends takes 
the place of the mean molecular weight. This para­
meter takes into account the polymer structure and the 
flow rate as well as the solvent properties. Thus, the 
most relevant parameter is the hydrodynamic volume, 
proportional to the quantity M |n|, M being the mean 
molecular weight and |n| the intrinsic viscosity defi­
ned as :
lnl*(r,- W /rW  C w h e n c ^ o
n and ri i are the viscosities of the solution sol v.
and of the solvent respectively, c is the polymer 
concentration in gr/dl. One determines M from visco- 
simetric measurements, using the Mark-Houwink relation 
given elsewhere |22] for those polymers.
Under the ionic strength conditions imposed by the 
supporting electrolyte |N| KC1, the rheological beha­
vior of these solutions is markedly modified in compa­
rison with that of pure solvent. The screening effect 
caused by K+ and Cl" ions is high enough to decrease 
the intramolecular electrostatic repulsions and allow 
the chains to take a statistical coil conformation. 
Moreover,the small dimension of the K+ ions leads to 
their solvation in competition with that of the polymer. 
Measurements of the intrinsic viscosity performed on 
other aqueous solutions (namely NaCl, LiCl.KNO^.KI, 
I^SO^) which can act as supporting electrolytes, show 
a similar behavior, i.e. a noticeable decrease of the 
intrinsic viscosity.
PSS TL 700 PAM NP 10 PAM AP 30
cppm V a DR% V a
DR% iuA DR%
0 1445 0 1280 0 1440 0
1 1265 4
5 1310 25 1170 24
10 1130 31 1230 38
20 1060 43 1170 46
25 1250 34
30 1100 37 1190 43
50 1000* 53 1140 50
65 1185 45
112,25100 1000* 53 52










( Mini 1.3 10 43.5
TABLE II
Consideration of table II, allows the conclusion 
that the efficiency of those polymers, as deduced from 
the |c| values by the polarographic method, varies in 
the same direction as the hydrodynamic volume M |n! of 
the polymers.
Thus, the results of the polarographic method agree 
with those obtained from a direct measurement of the 
velocity profiles. Besides, they can afford a better 
understanding of phenomena occurring closer to the wall. 
However, the steady state measurements do not allow us 
to conclude wether the polymers are attached to the 
wall, a process which has already been put forward to 
explain the action of polymers |23 , 24|.
We proposed to analyze, by means of the non-steady 
state method described in the section "Electrochemical
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Background" the possibility of adsorption of polymers 
at the wal 1.
Non-Steady State Measurements. Several methods 
have been carried out (el 1ipsometry 1251, measurements 
of the changed porosity of a filter with a previously 
calibrated porosity |26|) to prove the existence of 
an adsorption. It appears from those data, that the 
polymer concentration near the wall is higher than the 
bulk concentration. The estimated thickness may vary 
with the temperature, the solvent, the polymer molecu­
lar weight and nature, but stays generally lower than 
3°approximately 10 A.
However, no information is available, concerning 
the way by which polymer can adsorb on the wall : More­
over, those methods have been performed for a fluid 
at rest, and often for higher concentrations.
On the contrary, the measurement of the electrode 
impedance allows the study of adsorption under the same 
conditions for which drag reduction is established. Im­
pedance and steady state measurements were performed in 
parallel on the same solutions.
As an example, we plotted on fig 10 in the complex 
plane (R,-G) impedance diagrams obtained with the polya­
crylamide SEPARAN AP 30. It appeared, from the steady 
state measurements, as the most effective drag reducing 
polymer of the series studied.Those diagrams correspond 
to the same ring (Ro=40mm,AR=0.05 mm) in turbulent flow 
(Re=4,33.10^) and for half wave potential conditions, 
i.e. for i=ij/2.
When the impedance is extrapolated to zero frequency 
one finds a real value equal to the reciprocal of the 
slope of the current-potential curve at the half wave 
potential.
The low frequency response reveals the existence of
an additional process not involved in the equivalent net 
work of fig 3a. The diffusion impedance, whose response 
is expected to occur at intermediate frequencies (a few 
tens of Hz) is here well separated from this slowest 
process, the characteristic frequency of which (as mea­
sured from the frequency of the maximum of the imagina­
ry part) being equal to 0,2 Hz. Indeed, when the rota­
tion speed ft is varied, the impedance values shift only 
for intermediate frequencies.
Though this very low frequency process happens in 
the absence of polymer, it is considerably amplified 
with increasing polymer concentration in such a way that 
the loop diameter is increased, the characteristic fre­
quency being unchanged.
This behavior may be assigned to the surface condi­
tion of the platinum : We could compare, in fact, these 
results with those obtained by using a ring electrode of 
similar dimensions (Ro=62mm,AR=0,05mm) but after a slow 
tempering of platinum. The very low frequency process is 
then nearly cancelled out and the characteristic frequen­
cy of the diffusional process is a few tens of Hz and 
this value is consistent with the diffusion layer thick­
ness.
These differences underline the care to be taken 
when defining the state of the surface (structure of 
metal, etc...), of such small-sized electrodes. The rel­
ative importance of this state of the surface is in­
creased by the low values of the diffusion layer thick­
ness involved.
Otherwise, the high frequency behavior allows the 
conclusion that the introduction of polymers in solution 
modifies at the most slightly the reaction surface. That 
holds also for P.S.S. and SEPARAN NP 10.
However, this conclusion does not exclude the possi-
Impedance diagrams obtained with a ring electrode (Ro=4Omm,AR=0,05mm) for solutions of SEPARAN PAM AP 30 in |N| 
KC1 at 25°C. The flow is turbulent (Re = 4.33 105).
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bility that an entangled layer of nolymer has few bonds
with the metallic substrate ]24|. If such a layer exists,
the analysis of diffusion impedance with frequency,
would allow in principle to demonstrate it. One knows
that the actual region of propagation of the concen-
1/2tration wave decreases as (D/io) ' when cj increases. 
Unfortunately, in the frequency range consistent with 
the presumed thickness of this layer, i.e. a few hun-
O
dreds of A |25| , the impedance is almost uniquely de­
termined by the Rj and values, so that the discre­
pancy, which would be expected in the presence of such
a layer, between the experimental diffusion impedance
- 1/2and a Warburg impedance varying as (jw) , cannot be 
detected.
Another method, based on the analysis of the elec­
trochemical diffusion noise, which exhibits the stochas­
tic behavior of the interface, seems able to solve this 
problem. Whereas both methods presented are not sensi­
tive to the introduction of a few p.p.m. of polymer in 
laminar flow, the results of the electrochemical noise 
measurements show a significant modification of the 
time correlation function.
The model for diffusion noise |27 | takes into ac­
count all the noise sources within the diffusion layer, 
the region near the wall playing the major part.
CONCLUSION
By considering two characteristic examples, we have 
shown the power of electrochemical methods in hydrody­
namics for generating data localized in the vicinity 
of the wall.
Thanks to a rotating thin ring electrode, we could 
establish, using the measurement of diffusion flux, 
that the damping of the amplitude of eddies is propor­
tional to their distance from the wall.
We also demonstrated that, for such a system, the 
flux of diffusion is proportional to the cube root of 
the radial component of viscous friction.
This relation allowed us to study the drag reduction 
in turbulent flow due to high polymer additives. When 
such compounds are present in solutions, and under the 
conditions of maximum drag reduction, the flux of dif­
fusion varies as a function of £1 according to the same 
law as in laminar flow.
By coupling these measurements to the analysis of 
the complex impedance of the electrode, we established 
that the adsorption of a primary layer of polymer plays 
a minor part in the mechanism of the drag reduction.
In contrast, many observations converge to show
that the state of the surface has an influence. We hope 
to elucidate this effect when a quantitative interpre­
tation of the complex impedance diagrams and of the 
electrochemical noise is available.
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DISCUSSION
R. J. Hansen, Naval Research Laboratory: You indicate 
that polymer adsorption may be a mechanism in drag 
reduction. Is this suggestion consistent with the 
ellipsometry work of Peyser, Little, and Singleterry, 
showing that adsorbed Polyox molecules lie rather flat 
on the substrate?
Another set of experiments conducted by these 
investigators examined the relationship of drag re­
duction to the surface free energy of the substrate, 
as the tendency of polymer moelcules to adsorb is 
dependent upon this quantity. No difference in drag 
reduction was observed when the substrate was glass 
(high surface free energy) and teflon (low surface 
free energy). It seems unlikely that adsorption is 
an important drag reduction mechanism in light of 
these results.
Deslouis: At the present time, the adsorption proc­
esses and hence the properties of the layers possibly 
adsorbed are not yet well known so that a precise 
answer cannot be given. Anyway, ellipsometric 
measurements have revealed in concentrated solutions 
the existence of layers having thicknesses of about
O
a few hundreds of A but for a fluid at rest. In addi­
tion, our impedance measurements have shown that in 
turbulent flow the primary layer is not dense, so 
that it seems that for the very low mean concentrations 
under investigation there does not exist significant 
overconcentrations near the wall.
G. Comte-Bellot, Ecole-Centrale de Lyon, Laboratoire 
de Mecanique des Fludies: Why have you chosen a ring 
electrode? I think you will have a low spatial reso­
lution for turbulence measurements. Anyway, could 
you indicate its size compared to the turbulence 
scales of the flow investigated?
Deslouis: The flow due to a rotating disk in turbu­
lent conditions is known to be non-uniform and, more­
over, a laminar flow can exist simultaneously near 
the axis of rotation. Due to the cylindrical symmetry 
of the system, the geometry of the thin ring electrode 
leads to a local value for the radial velocity at the 
wall. Our aim was to study the variations of the 
average values of the radial velocity gradient under 
drag reduction conditions, and not the fluctuating 
values. Of course, the diameter of the ring electrodes
(40 mm) equal to 4/5 of the external radius of 
the disk is large compared to the small scale of 
turbulence but their widths (0.05 mm) allow us to 
investigate a region close to the wall (-1 micron) 
which is of the same order of magnitude as the smallest 
scale.
J. L. Zakin, UMR: Did you measure [n] in the salt 
solution? If it was measured in pure water the value 
of [n] is not correct for your solutions as for poly­
electrolytes [n] varies greatly with concentration 
of electrolyte.
Deslouis: [n] was measured in the salt solutions by 
using a Couette flow viscosimeter and by taking the 
extrapolation to zero for the rate of shear and for 
the polymer concentration. In fact, in the case of 
polyelectrolytes, the value of [n] decreases sub­
stantially from pure water to concentrated salt 
solutions.
G. L. Donohue, Naval Undersea Ctr.: Did you make 
corresponding torque measurements so that you could 
compare (i.e. check or confirm) your measured skin 
friction reductions? Have you compared your drag 
reduction values with other investigators using the 
same polymers, at the same concentrations? Your data 
appear to be quite high (i.e. - 50% DR 0 - 8 ppm) and 
approximately constant over a wide range of. polymer 
molecular weight (i.e. MW - 10® to 5 x 10®)
Deslouis: A comparison between our mass transfer 
measurements and torque measurements cannot be easily 
done because the former are local ones (i.e. performed 
on a thin ring), whereas the latter are integral ones 
(i.e. correspond to both sides of the disk). However, 
the main difference may occur from the fact that using 
ring electrodes, we measure only the radial component 
of viscous friction and when drag reduction is effec­
tive, the inclination of the relative streamlines near 
the wall with respect to the circumferential direction 
is different from that in a purely Newtonian turbulent 
flow.
265
